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OF FUNDAMENTAL FLAME PROPERTIES
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(AFOSR Grant FA9550-04-1-0006)
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FOKION N. EGOLFOPOULOS
Department of Aerospace & Mechanical Engineering
University of Southern California
Los Angeles, California 90089-1453

Summary/Overview

The dynamic behavior of laminar flames was studied for a wide range of conditions. The
parameters considered included the fuel type, reactant composition, flame temperature, and
combustion mode.  Hydrogen, carbon monoxide, single-component gaseous and liquid
hydrocarbons, alcohols, as well as jet fuels and their surrogates were studied experimentally in
the counterflow configuration. The experiments were modeled through the use of detailed
description of chemical kinetics and molecular transport. During the reporting period, progress
was made in the following: (1) ignition of premixed and non-premixed flames of gaseous and
liquid fuels, (2) extinction of premixed and non-premixed flames of gaseous and liquid fuels, (3)
assessment of the effect of diffusion on the flame behavior, and (4) lean flammability limits
under high temperature and high pressure conditions. For both low and high molecular weight
fuels, it was determined that diffusion and kinetics can have similar effects on flames.
Furthermore, it was found that kinetic mechanisms that predict laminar flame speeds, do not
necessarily predict extinction limits, even though both propagation and extinction are high
temperature phenomena. Finally, it was determined that the chain mechanisms that control near-
limit flames may change notably as the reactant temperature and pressure increase well above
their standard values. These results enhance current understanding of the combustion behavior
of fuels that are of relevance to air-breathing propulsion. Furthermore, the derived experimental
data constitute a basis for partially validating combustion kinetics as well as proposed surrogates
of jet fuels.

Technical Discussion
1.0 Introduction

The accurate knowledge of the oxidation kinetics of hydrocarbon fuels is essential for the
design of the next generation of air-breathing engines operating at speeds and altitudes that are
notably greater than the ones currently achieved. State-of-the-art knowledge of hydrocarbon
oxidation chemistry is limited to that of H, and CHs. For example, the GRI-3.0 mechanism [1]
closely predicts a wide range of flame properties for H, and CH4 mixtures with air, especially at
high temperatures; however, even for H, and CHa, their oxidation kinetics at low temperatures
have not been probed systematically in previous flame studies. The oxidation kinetics of higher
carbon hydrocarbons are subjected to significant uncertainties even at the Ci-level [e.g., 2].
Furthermore, systematic flame studies of liquid hydrocarbons are limited compared to gaseous
studies.



This research was both experimental and numerical. The experimental measurements
focused on the determination of global flame properties relevant to the phenomena of ignition
and extinction. This was important, as these different flame phenomena are sensitive to different
kinetics subsets at different temperatures. The high-temperature kinetics were validated against
flame extinction data obtained for a wide range of fuels, such as H,, CO, C,-C; hydrocarbons,
and liquid fuels such as C;-Cg hydrocarbons and alcohols. While laminar flame speeds cannot be
determined directly, extinction strain rates (in counterflow configurations) can, and a
methodology has been introduced to do so. Similar kinetics pathways control propagation and
extinction in general for C;-C, hydrocarbon flames [2], but this needs to be investigated further
for fuels with higher carbon numbers. An alternative technique also was introduced for studying
flame ignition in counterflow configurations by using vitiated air that was produced from the
oxidation of ultra-lean H/air flames as the ignition source rather heated air. The ignition
behavior of several fuels thus was tested.

2.0 Experimental and Numerical Methodologies

The experiments were performed in the opposed-jet configuration and through the use of a
recently developed digital particle image velocimetry (DPIV) technique [3]. The use of DPIV
allowed for the determination of the instantaneous velocity field so that the imposed strain rate,
K, could be measured directly. The extinction strain rate, K,,, was determined directly by

establishing flames very close to extinction and by reducing (for fuel-lean conditions) the fuel
flow rate [4,5,6] rather than increasing the strain rate. The latter procedure also requires
extrapolations. The experiments were modeled using a quasi one-dimensional code with detailed
descriptions of molecular transport, chemical kinetics, and thermal radiation [7]. The chemical
kinetics schemes tested included:

¢ the Hy/O; mechanisms of Mueller et al. [8] and Davis et al. [9];

* the GRI30 mechanism [1] for H, and C,-C; hydrocarbons;

* amechanism developed by Wang and coworkers [10] for C,-C4 hydrocarbons;

* three mechanisms for CH3;OH and C,HsOH oxidation [11-13];

* two mechanisms describing C;-Cg hydrocarbon oxidation [14,15].

3.0 Results and Discussion
3.1 Ignition of Premixed and Non-Premixed Flames of Gaseous and Liquid Fuels

A new methodology was developed, allowing ignition studies in the counterflow
configuration [16]. The methodology includes the use of ultra-lean Hy/air flames as the ignition
source, which eliminates the need of using heated air. The hot excess air dominates the
composition of the post-flame products, while minor amounts of H,O are present. In order to
achieve a wide range of "ignition temperatures" from as low as 1,000 K to as high as 1,400 K a
platinum screen is used at the burner exit to support the Hy/air flames catalytically. The use of
the platinum screen also eliminates complications arising from the flame location, if the flame
were stabilized by velocity gradients complicating data interpretation. Ignition of H,, CO, and
various hydrocarbons was achieved, and data were found to be in close agreement with those
determined in past studies by Law and co-workers [e.g., 17], in which heated air was used as the
ignition source.

This approach was used for H,, CO, and C,-Cj; single component hydrocarbons.
Additionally, the flame ignition of various petroleum-derived and synthetic jet fuels also was
investigated, as well as representative surrogates. For fuels for which reliable kinetic
mechanisms are available, numerical simulations also were performed.



Various combustion phenomena of mixtures of H, and CO with air and CO, were studied in
collaboration with Professors Hai Wang of USC and Eric L. Petersen of University of Central
Florida, and more details can be found in Ref. 18. The oxidation kinetics of H, and CO mixtures
were examined experimentally and computationally for a wide range of mixture compositions
and reaction conditions. Shock-tube ignition delay times were obtained for five CO/Hy/air
mixtures (equivalence ratio ¢ = 0.5) over the pressure range of 1 to 20 atm and temperatures
from 950 to 1330 K. The influence of CO and H, composition variations on flame ignition and
propagation also was examined. Two types of experiments were carried out for Hy/CO/CO;

mixtures with air. Laminar flame speeds, S, were determined in the twin-flame counterflow

configuration using DPIV [3]. Ignition temperatures, T, were determined by counterflowing a
vitiated air jet against a premixed fuel/air jet [16]. Computationally, detailed modeling of the
experiments was performed using a recently developed H,/CO/O; reaction model [9]. Numerical
simulations showed generally good agreement with the experimental data.

Flame ignition studies also were performed for C;-C4 hydrocarbons and notable differences
between experimental and computed 7Tig,’s were identified. The ignition limits of n-C;H;6 and
iso-CgH,g flames were not simulated, as the mechanisms that were tested [14,15] were reduced
and validated against data derived in vigorously burning flames.

The ignition characteristics of jet fuels and their surrogates also were investigated. The goal
of this investigation was dual: first, to compare the performance of jet fuels with that of single-
component hydrocarbons, and second, to assess the validity of proposed surrogates, which have
been derived typically based on matching physical properties |e.g., 19,20]. The liquid feed
system was upgraded to vaporize practical jet fuels. The wall temperature of the evaporation
chamber was controlled carefully to make sure that it was high enough to avoid condensation but
low enough to avoid thermal cracking. Tig,’s of heated non-premixed fuel/N, mixtures of eight
pure fuels from Cs to C,,, ten practical fuels, and four JP8 surrogates were obtained by
counterflowing them against cold oxygen. Tig’s of mixtures of the same 20 fuels with nitrogen
were obtained by counterflowing them against hot oxygen. The fuels studied were:

Pure fuels: n-C5H|2, n—C(,HM, n—C7H|(,, n—Cng(,, iSO—CgHm, n—C9H20, n—Cmsz,
I1~C|2H26.
Practical fuels:  JP7-3347, JP8-3773, JP10-3942, RP1a-3642, RP1b-4572, JetAa-3602,
JetAb-3638, JetAc-4658, Coal-Derived-4765, Fisher-Tropsch-4734
Surrogates: S2 — Two-Component Surrogate [21]
S3 — Three-Component Surrogate [22]
S6 — Six-Component Surrogate [19]
S12 — Twelve-Component Surrogate [20]

The compositions of the various jet fuels tested are shown in Table 1. JPI0 is a single
component jet fuel, i.e. exo-tetrahydrodicyclopentadiene. The compositions of the four
surrogates tested are shown in Table 2. The compositions of the S6 and S12 surrogates were
taken from the literature, and the compositions of the S2 and S3 surrogates were determined
based on personal communications. More specifically the S2 composition is that used in Europe
[21], while that of S3 was determined as part of the deliberations of the US surrogate fuels group
122].



658 3327 4734 4572 4765 373 World
5 survey
Jet A P-7 F-T Jet RP-1 Coal-based P8 Jet A, Jet A-
composite Jet fuel 1. JP-R.JP-
blerd DCL 5.TS-1
Paraffins (n- + i-) 55.2 67.9 9.7 576 06 572 588
Cycloparaffins 172 212 <02 248 174 109
Dicycloparaffins 78 94 0.3 124 47.0 6.1 93
Tncycloparathns 0.6 0.6 <0.2 1.9 46 0.6 1.1
Alkylbenzenes 12.7 0.7 <0.2 2.1 03 . 135 134
Indans/Tetralins 49 <0.2 <02 03 1.1 : 34 49
Indenes <0.2 <0.2 <0.2 <0.2 €02 @ <02 <0.2
Naphthalene <02 <02 <02 <02 <02 <02 013
Naphthalenes 1.3 <0.2 <0.2 03 <0.2 17 1.55
Acenaphthenes <0.2 <0.2 <02 <0.2 <02 <0.2 <0.2
Acenaphthylenes <0.2 <0.2 <0.2 04 <0.2 <0.2 <0.2
Tricyclic Aromatics 2 <0.2 <0.2 <0.2 <0.2 <02 <0.2
3638 3602 3642
Jet A JetA RP-1
Aromatics (ASTM D1319) 12 24 29
Table 1. Composition of jet fuels tested.
: %
Notation Compound b by
Mass
m-Xylene 5
iso-Octane 5
Methylcyclohexane 5
. % by
Notation Compound n-Dodecane 20
Volume
n-Tetr n
m-Xylene 15 etradecane 16
: Tetralin 5
iso-Octane 10 S12
cyclo-Octane 5
Methycyclohexane 20
S6 n-Decane 15
n-Dodecane 30
Butylbenzene 5
n-Tetradecane 20
Tetramethylbenzene 5
Tetralin 5
Methyinapthalene 5
n-Decane 50
n-Hexadecane 10
25
S3 n-Butylcyclohexane nDecane 70
S2
n-Butylbenzene 25 n-Propylbenzene 30

Table 2. Composition of JP8 surrogates tested.




Figure 1. Non-premixed flame ignition of single-component, jet fuels, and JP8 surrogates.
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Figure 2. Non-premixed flame ignition of jet fuels.



In Fig. 1, for single-component fuels, lower carbon numbers result in greater ignition
propensities. Among practical fuels, JP8 is the hardest, while the JP10 is the easiest to ignite. In
Fig. 2 the ignition limits of all jet fuels are shown. In Fig. 3 the ignition response of JP8 and its
four surrogates is compared. All surrogates exhibit similar ignition behavior; however, their
ignition propensity is notably higher compared to JP8.
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Figure 3. Non-premixed flame ignition of JP8 and its surrogates.



3.2 Extinction of Premixed and Non-Premixed Flames of Gaseous and Liquid Fuels
K,’s were determined in the opposed-jet configuration both experimentally and
numerically for a number of fuels [e.g., 5,6]. This work was performed for three reasons: First,
to assess the validity of the thesis that propagation and extinction are controlled by similar

kinetics, for fuels other than C,-C, hydrocarbons. In other words, to test the thesis that a
mechanism that predicts S’’s also should predict K,,’s. Second, the experimental

o
n

determination of K,,, is direct, as opposed to that of S;, which requires either extrapolations or

notable data processing. Thus, the comparison with the numerical predictions is more reliable.
Finally, since S¢ is the most common fundamental flame property that has been measured for a

variety of fuels, it is important that similar data on extinction become available. Extinction
studies allow for the assessment of the resistance of fuels to blow-off as function of kinetics,
molecular transport, and fluid mechanics. Additionally, the sensitivity of extinction to kinetics is
notably larger compared to that of propagation [e.g., 5,6]. The extinction studies included a large
number of fuels similar to the ignition studies described in Section 3.1, and details can be found
in Refs. 4-6.
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Figure 4. Sensitivities for iso-CgH g/air flames. Figure 5. K, for iso-CgH g/air flames.

The current understanding of extinction phenomena was enhanced through the advancement

of a numerical technique that allows the detailed determination of the sensitivities of K,,, on the
kinetics. The approach is similar to that taken for S?. Logarithmic sensitivity coefficients are
shown in Fig. 4 for an iso-octane/air flame, and distinct differences of the effect of kinetics on
propagation and extinction can be seen. A logarithmic sensitivity coefficient is defined as
[0ln K,,,/0InA], where A is the pre-exponential factor. The physical mechanisms behind the
observed differences were explained by a detailed reaction path analysis [5]. The flame

extinction studies showed that for both H, and liquid fuels, while existing kinetic mechanisms
predict S?’s they fail to predict experimentally determined K,,,’s. The rigorous sensitivity
results allowed the reduction of such discrepancies. For example, the Davis & Law [14] (DL98)
mechanism that closely predicts S;’s but not K,,,’s, was revised by adding the CH,CHO

species and its 22 subsequent reactions from Wang [10]. This minor revision (DL98-revised)

improved prediction of K, by 15%, as seen in Fig. 5. This mechanism revision was found to



affect the prediction of K, twice as much as that of S”. In Fig. 5 predictions are shown using
the Pitsch et al. [15] (PPS96) mechanism. Both DL98 and PPS96 were validated against S
data.

The extinction of flames of jet fuels and their surrogates also was investigated and compared
with that of single-component liquid hydrocarbons. Figures 6 and 7 depict, for single-
component fuels, greater extinction propensities with increasing carbon numbers. Among the
practical fuels, JP7, JP8, JP10, and RPla are less resistant to extinction compared to the other
fuels tested. In Fig. 8 the surrogates of JP8 exhibit similar extinction behavior, but they are more
resistant to extinction than JP8.

The results of Figs. 1, 2, 6, and 7 clearly illustrate that in terms of ignition and extinction, the
practical fuels tested behave similarly to single-component hydrocarbons that are heavier than n-
decane, an anticipated result based on their compositions.
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Figure 6. Non-premixed flame extinction of single-component, jet fuels, and JP8 surrogates.
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3.3 Assessment of the Effect of Diffusion on the Flame Behavior

Studies of flame extinction of ultra-lean H,/air flames have revealed that K,,, is rather
sensitive to the diffusion coefficients, and, in many cases, these sensitivities are of the same
order as or higher than those of S [4]. This finding suggests that optimizing chemical kinetics
against flame data without considering the effect of diffusion potentially could falsify rate
constants. Based on this observation, studies on the extinction of additional fuels were
conducted, and it was shown that under most conditions the effect of diffusion is of the same
order of that of kinetics |5]. Table 3 depicts logarithmic sensitivity coefficients for both kinetics
and diffusion for S and K,,, of CH;OH/air, C;HsOH/air, n-C;H,¢/air, and iso-CgH,g/air flames;
the effect of kinetics is represented by the main branching reaction H+O, — OH+O (R1). For
both lean n-C;H¢/air and iso-CgHg/air flames, S; exhibits a small negative sensitivity to
diffusion, with values that are an order of magnitude less than the sensitivity to R1. On the other
hand, the effect of diffusion on K,, appears to be notably greater and of the same order as that
of RI1. Similar results were shown for lean C;HsOH/air flames, with the exception that the
sensitivity of S? to diffusion is rather similar in magnitude to R1. For lean CH3OH/air flames
the magnitudes of the sensitivities of S’ to diffusion and R1 are very close, while that of K, to
R1 is an order of magnitude greater compared to diffusion.

T Sensitivity
Fuel Mechanism ¢ Sensnltalty ! " to Fuel
Diffusion
S. | 0873 0.320 0.017
iso-octane DL98 i : : —
Kexi | 0873 0.409 0.186
S° 2
s - « | 0.800 0.308 0.056
Kext | 0.808 0.397 0.185
SO
— - . | 0.682 0.455 -0.137
Kexi | 0682 0.794 0.422
S° ;
Ry — « | 0.769 0.347 0.316
Kew | 0769 0.581 0.032

Table 3. Logarithmic sensitivity coefficients of S and K., to the rate of the main branching
reaction H+O, — OH+O (R1) and to the fuel diffusivity for CH;OH/air, C,HsOH/air, n-
C;H,¢/air, and iso-CgH,g/air mixtures.
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The relative importance of diffusion and chemical kinetics was investigated further by
quantifying their effects on flame ignition, and the details can be found in Ref. 23. The study
was conducted in stagnation flows for atmospheric, laminar, premixed and non-premixed Ha, n-
C7H|(,, and iS()-CgH]g flames.
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n-C,H,¢/air flames on diffusion. of iso-CgH g/air on kinetics.

Ignition of premixed flames was studied by: (1) increasing the temperature of a Ny jet
counterflowing against a fuel/air jet, and (2) increasing the temperature of a solid wall against
which a fuel/air jet was injected. Ignition of non-premixed flames was studied by increasing the
temperature of an air jet counterflowing against a fuel-containing jet. The simulations were
performed along the stagnation streamline and included detailed descriptions of chemical
kinetics, molecular transport, and radiative heat transfer. Sensitivity analyses of the ignition
temperatures to the diffusion coefficients of the reactants, as well as to the kinetics, were
performed. Results revealed that premixed flame ignition is rather sensitive to the fuel
diffusivity in the opposed-jet configuration and notably less sensitive in the jet-wall. In the
opposed-jet configuration, diffusive transport conveys the reactants towards the ignition kernel.
In the jet-wall configuration, the reactants are transported towards the ignition kernel largely by
convection and, as a result, ignition is not diffusion-limited. The two configurations resulted in
similar Tig,’s only for fuel-rich cases, and Tig’s tended to be lower as the equivalence ratio
increased in the opposed-jet configuration. However, Tig’s were found to depend mildly on the
equivalence ratio in the jet-wall configuration. The sensitivity of ignition to diffusion in non-
premixed systems was found also to be notable, especially for cases in which the fuel was diluted
highly by an inert. For both premixed and non-premixed flames, the sensitivity of ignition to
diffusion coefficients was of the same order or larger than that of kinetics, and representative
results are shown in Figs. 9 and 10. Thus, uncertainties associated with transport coefficients
need to be accounted for, when flame ignition data are used to validate kinetics. Otherwise, rate
constants potentially could be falsified.
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3.4 Lean Flammability Limits under High Temperature and High Pressure Conditions

This investigation was performed in collaboration with Professor Chung K. Law of Princeton
University, and more details can be found in Ref. 24. The lean flammability limits of CH,/air
and C;Hg/air mixtures were determined numerically for a wide range of pressures and unburned
mixture temperatures in order to assess the near-limit flame behavior under conditions of
relevance to air-breathing propulsion devices. The study included the simulation of freely
propagating flames with the inclusion of detailed descriptions of chemical kinetics and molecular
transport, radiative loss, and a one-point continuation method to solve around singular points as
the flammability limit is approached. Results revealed that both pressure and unburned mixture
temperature have significant effects on the lean flammability limit as well as the attendant limit
flame temperature. Specifically, the lean limit was found first to increase and then decrease with
pressure, while the limit temperature decreased with pressure in general, and could be reduced to
values as low as 900 K at the highest values of unburned mixture temperatures and pressures that
were considered. Sensitivity and species consumption path analyses showed that the chain
mechanisms that control the near-limit flame response critically depend on the thermodynamic
state of the mixture. Thus, mechanisms that are identified as important at near-atmospheric
conditions may not be relevant at higher unburned mixture temperatures and pressures. The
response of near-limit flames was found to resemble the homogeneous explosion limits of
hydrogen/oxygen mixtures. While, at low pressures, the main branching and termination
reactions are, respectively, H+ O, = OH + O and H + O, + M — HO, + M, at high pressures,
the system branching is controlled by the HO,-H,0, kinetics. Potential avenues for extending
the lean operation limits of engines were suggested based on the understanding gained from this
analysis.

References

1 Smith, G.P., Golden, D.M., Frenklach, M., Moriarty, N.W., Eiteneer, B., Goldenberg, M.,
Bowman, C.T., Hanson, R.K., Song, S., Gardiner, Jr. W.C., Lissianski, V., Qin, Z., GRI-
Mech 3.0, http://www.me.berkeley.edu/gri_mech/ (2000).

2. Egolfopoulos, F.N., Dimotakis, P.E., Combust. Sci. Tech. 162, pp. 19-36 (2001).

Dong, Y., Vagelopoulos, C.M., Spedding, G.R., Egolfopoulos, F.N., Proc. Combust. Inst.

29: 1419-1426 (2002).

4. Dong, Y., Holley, A.T., Andac, M.G., Egolfopoulos, F.N., Davis, S.G., Middha, P., Wang,
H., Combust. Flame 142, pp. 374-387 (2005).

5. Holley, A.T., Dong, Y., Andac, M.G., Egolfopoulos, F.N., Combust. Flame 144, pp. 448-
460 (2006).

6. Holley, A.T., Dong, Y., Andac, M.G., Egolfopoulos, F.N., Edwards, T., Proc. Combust.
Inst. 31: 1205-1213 (2007).

7. Egolfopoulos, F.N., Campbell, C.S., J. Fluid Mech. 318, pp. 1-29 (1996).

8. Mueller, M.A_, Kim, T.J.,, Yetter, R.A., Dryer, F.L., Int. J Chem. Kin. 31, pp. 113-119
(1999).

9. Davis, S.G., Joshi, A.V., Wang, H., Egolfopoulos, F.N. Proc. Combust. Inst. 30: 1283-1292
(2005).

10. Wang, H., Personal Communications (2003).

11. Held, T.I,, Dryer, F.L., Int. J. Chem. Kin. 30(11), pp. 805-830 (1998).

12.  Fischer, S.L., Dryer, F.L., Curran, H.J., Int. J. Chem. Kin. 32(12), pp. 713-740 (2000).

13. Marinov, N.M., Int. J. Chem. Kin. 31(3), pp. 183-220 (1999).

14. Davis, S.G., Law, C.K., Proc. Combust. Inst. 27: 521-527 (1998).

bt



13

15. Pitsch, H., Peters, N., Seshadri, K., Proc. Combust. Inst. 26: 763-771 (1996).

16. Langille, J.A., Dong, Y., Andac, M.G., Egolfopoulos, F.N., Tsotsis, T.T., Combust. Sci.
Tech. 178(4), pp. 635-653 (2006).

17.  Fotache, C.G., Kreutz, T.G., Zhu, D.L., Law, C.K., Combust. Sci. Tech. 109, pp. 373-393
(1995).

18. Dong, Y., You, X.,, Sheen, D.A., Wang, H., Holley, A.T., Andac, M.G., Egolfopoulos,
F.N., Kalitan, D.M., Petersen, E.L., “Flame and Ignition Kinetics of Dry Synthesis Gas-
Like Mixtures,” in preparation.

19.  Violi, A, Fan, S., Eddings, E.G., Sarofim, A.F., Granata, S., Faravelli, T., Ranzi, E. Comb.
Sci. Tech. 174, pp. 399-417 (2002).

20. Schulz, W.D., J. Prop. Power 9, pp. 5-9 (1993).

21. Lindstedt, R.P., Personal Communications (2006).

22.  US Jet Fuels Group, Recommendation (2006).

23.  Andac, M.G., Egolfopoulos, F.N., Proc. Combust. Inst. 31: 1165-1172 (2007).

24. Egolfopoulos, F.N., Holley, A.T., Law, C.K., Proc. Combust. Inst. 31: 3015-3022 (2007).

Personnel

This research was performed by the PI, two Research Associates (Dr. Yufei Dong and Dr.

Gurhan Andac), and two graduate students (Jeff Langille and Adam Holley).

Publications

2.

"An Optimized Kinetic Model of H,/CO Combustion," by S.G. Davis, A.V. Joshi, H. Wang,
and F.N. Egolfopoulos, Proceedings of the Combustion Institute 30: 1283-1292 (2005).
"Extinction of Premixed H,/Air Flames: Chemical Kinetics and Molecular Diffusion
Effects,” by Y. Dong, A.T. Holley, M.G. Andac, F.N. Egolfopoulos, S.G. Davis, P. Middha,
and H. Wang, Combustion and Flame, Vol. 142, pp. 374-387 (2005).

"Extinction of Premixed Flames of Practical Liquid Fuels: Experiments and Simulations," by
A.T. Holley, Y. Dong, M.G. Andac, and F.N. Egolfopoulos, Combustion and Flame, Vol.
144, pp. 448-460 (2006).

"Non-Premixed Ignition by Vitiated Air in Counterflow Configurations," by J.A. Langille, Y.
Dong, M.G. Andac, F.N. Egolfopoulos, and T.T. Tsotsis, Combustion Science and
Technology, Vol. 178(4), pp. 635-653 (2006).

"Diffusion and Kinetics Effects on the Ignition of Premixed and Non-Premixed Flames," by
M.G. Andac and F.N. Egolfopoulos, Proceedings of the Combustion Institute 31: 1165-1172
(2007).

"Ignition and Extinction of Non-Premixed Flames of Single-Component Liquid
Hydrocarbons, Jet Fuels, and their Surrogates," by A.T. Holley, Y. Dong, M.G. Andac, F.N.
Egolfopoulos, and T. Edwards, Proceedings of the Combustion Institute 31: 1205-1213
(2007).

"An Assessment of the Lean Flammability Limits of CH4/Air and C;Hg/Air Mixtures at
Engine-Like Conditions," by F.N. Egolfopoulos, A.T. Holley, and C.K. Law, Proceedings of
the Combustion Institute 31: 3015-3022 (2007).

"Flame and Ignition Kinetics of Dry Synthesis Gas-Like Mixtures," by Y. Dong, X. You,
D.A. Sheen, H. Wang, R. Kinslow, M. Call, A.T. Holley, M.G. Andac, F.N. Egolfopoulos,
D.M. Kalitan, and E.L. Petersen, in preparation.



14

Interactions/Transitions
Presentations at Meetings and Conferences

L.

"Premixed Flame Extinction of Practical Liquid Fuels," by A. Holley, A. Balteria, Y. Dong,
M.G. Andac, Y. Fan, and F.N. Egolfopoulos, paper No. 03F-25, Fall Technical Meeting,
Western States Section/Combustion Institute, University of California Los Angeles, Los
Angeles, CA, October 20-21, 2003.

"Ignition of H, and CO by Vitiated Air in Counterflow Configurations," by J. Langille, J.
Pasale, Y. Dong, M.G. Andac, T. T. Tsotsis, and F.N. Egolfopoulos, paper No. 03F-33, Fall
Technical Meeting, Western States Section/Combustion Institute, University of California
Los Angeles, Los Angeles, CA, October 20-21, 2003.

"Experimental and Numerical Studies of Flame Extinction: Validation of Chemical
Kinetics," by Y. Dong, A. Holley, M.G. Andac, and F.N. Egolfopoulos, S.G. Davis, and H.
Wang, paper No. 03F-89, Fall Technical Meeting, Western States Section/Combustion
Institute, University of California Los Angeles, Los Angeles, CA, October 20-21, 2003.

"Ignition of H, and CO by Vitiated Air in Counterflow Configurations," by J. Langille, J.
Pasale, Y. Dong, M.G. Andac, T. T. Tsotsis, and F.N. Egolfopoulos, paper No. 04S-6, Spring
Technical Meeting, Western States Section/Combustion Institute, University of California at
Davis, Davis, CA, March 29-30, 2004.

"Experimental and Numerical Studies of Extinction of Premixed Lean H,/Air Flames," by Y.
Dong, A. Holley, M.G. Andac, and F.N. Egolfopoulos, S.G. Davis, and H. Wang, paper No.
04S-19, Spring Technical Meeting, Western States Section/Combustion Institute, University
of California at Davis, Davis, CA, March 29-30, 2004.

"Premixed Flame Extinction of Practical Liquid Fuels," by A. Holley, A. Balteria, Y. Dong,
M.G. Andac, Y. Fan, and F.N. Egolfopoulos, paper No. 04S-22, Spring Technical Meeting,
Western States Section/Combustion Institute, University of California at Davis, Davis, CA,
March 29-30, 2004.

"Experimental and Detailed Numerical Studies of Fundamental Flame Properties of Gaseous
and Liquid Fuels," 2003 Contractors Meeting in Chemical Propulsion, Army Research Office
and Air Force Office of Scientific Research, Tucson, Arizona, June 7-9, 2004.

"Experimental and Detailed Numerical Studies of Fundamental Flame Properties of Gaseous
and Liquid Fuels," 2005 Contractors Meeting in Chemical Propulsion, Army Research Office
and Air Force Office of Scientific Research, Indianapolis, Indiana, June 20-22, 2005.

"Pressure and Temperature Effects on the Flammability Limits of CHs/air and Cs;Hg/air
Flames," F.N. Egolfopoulos, A.T. Holley, and C.K. Law paper No. 05F-011 Fall Technical
Meeting, Western States Section/Combustion Institute, Stanford University, California,
California, October 17-18, 2005.



15

10. "A Detailed Study of CO/H,/O; Kinetics in Dry Synthesis-Gas/Air Flames," D.A. Sheen, R.
Kinslow, M. Call, A.T. Holley, X. You, M.G. Andac, H. Wang, and F.N. Egolfopoulos,
paper No. 05F-013 Fall Technical Meeting, Western States Section/Combustion Institute,
Stanford University, California, California, October 17-18, 2005.

11. "Diffusion and Reaction Effects on the Ignition of Premixed and Non-Premixed iso-Octane
Flames," M.G. Andac and F.N. Egolfopoulos, paper No. 05F-015 Fall Technical Meeting,
Western States Section/Combustion Institute, Stanford University, California, California,
October 17-18, 2005.

12. "Ignition and Extinction of Non-Premixed Flames of Single-Component Liquid
Hydrocarbons, Jet Fuels, and their Surrogates,” A.T. Holley, Y. Dong, M.G. Andac, F.N.
Egolfopoulos, and T. Edwards paper No. 05F-056 Fall Technical Meeting, Western States
Section/Combustion Institute, Stanford University, California, California, October 17-18,
2005.

13. "Ignition and Extinction Studies of Mixtures of Air with Single-Component Liquid
Hydrocarbons, Gasoline, and Gasoline Surrogates," A.T. Holley, Y. Dong, M.G. Andac, and
F.N. Egolfopoulos, paper No. 05F-074 Fall Technical Meeting, Western States
Section/Combustion Institute, Stanford University, California, California, October 17-18,
2005.

14. "Experimental and Detailed Numerical Studies of Fundamental Flame Properties of Gaseous
and Liquid Fuels," 2003 Contractors Meeting in Chemical Propulsion, Army Research Office
and Air Force Office of Scientific Research, Washington, D.C., June 7-9, 2006.

Technical Interactions with AFRL Researchers

Several meetings with Dr. Tim Edwards of AFRL took place during the reporting period.
The purpose of these meetings was to discuss the measurements on the ignition and extinction
limits of mixtures of air with JP7, JP8, JP10, RPI1, and various synthetic jet fuels that were
supplied to the USC Combustion and Fuels Laboratory by Dr. Edwards. Further discussions will
follow in the future regarding the ongoing experimental and modeling work pertaining to jet
fuels and their surrogates, as well as ongoing work on smaller hydrocarbons in the C;-C4 range.
The latter is of relevance to the thermal cracking of jet fuels.

Other Technical Interactions

A close interaction has been established with Professor Hai Wang of the University of
Southern California on the modeling aspects of this research. More specifically, the kinetic
model development guides to great extent the experimental parameter space.
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Abstract

We propose a H,~CO kinetic model which incorporates the recent thermodynamic, kinetic, and species
transport updates relevant to high-temperature H, and CO oxidation. Attention has been placed on
obtaining a comprehensive and kinetically accurate model able to predict a wide variety of H,~CO com-
bustion data. The model was subject to systematic optimization and validation tests against reliable H,—
CO combustion data, from global combustion properties (shock-tube ignition delays, laminar flame
speeds, and extinction strain rates) to detailed species profiles during H, and CO oxidation in flow reactor

and in laminar premixed flames.

© 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The most successful model of H,~CO combus-
tion has been that of Mueller et al. [1], developed
on the basis of a careful evaluation of relevant ki-
netic parameters and flow reactor experiments.
The model is also able to predict a wide range
of flame experiments. Over the last few years,
however, the rate parameters of the key reaction
H+ 0, + M =HO; +M and its third-body effi-
ciencies have been revised [2,3], giving an urgent
reason for a re-examination of the H,~CO com-
bustion model. The downward revision of the en-
thalpy of formation of OH [4] may also exert an
influence on the overall reaction kinetics of H,
combustion.

" Corresponding author. Present address: Exponent,
21 Strathmore Road, Natick, MA 01760, USA. Fax: +1
508 647 3619.

E-mail address: daviss@exponent.com (S.G. Davis).

Several new studies [5-7] have been reported in
recent years. Two of these studies analyzed the
hydrogen submodel [5,6], both being an extension
of the model of Mueller et al. The third analysis
[7] considered both H, and CO chemistry and is
the predecessor to the present study. The objec-
tives of the present study are (1) to provide an up-
date for the H,-CO combustion reaction model
on the basis of recent kinetic data, and (2) to opti-
mize the H,~CO model against available H,~CO
combustion data.

2. Reaction model

The unoptimized (trial) reaction model consists
of 14 species and 30 reactions as shown in Fig. 1.
The model and its thermochemistry and transport
property files can be found at the URL: http://
ignis.me.udel.edu/h2co. The trial model was based
on a careful review of recent kinetics literature,
considering both direct data and compilations. A
large number of GRI 3.0 rate parameters (8] were

1540-7489/$ - see front matter © 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

doi:10.1016/).proci.2004.08.252
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Fig. 1. Trial reaction model of H,~CO oxidation, active parameters, and their spans employed in model optimization

(see Refs. [9,14,16-18]).

found to be appropriate and are used. The discus-
sion below highlights the choice of key rate
parameters.

The rate expression of H+ O,=0+ OH
was taken from GRI 3.0 [8]. The rate coeffi-
cient of H+ Oy(+M)= HO,(+M) was based
on Troe [2], who employed a high-pressure
rate kec.oo (cm3 mol™! s_') =4.65x% 10"27%* and
developed the low-pressure and fall-off expres-
sions for Ar and N, as the bath gases. The broad-
ening factor F, was found to be 0.5 for both third
bodies. Troe’s fall-off rate parameterization, how-
ever, could not be directly used in CHEMKIN
[19], because the low-pressure limit rate coefficient
ko does not share the same temperature depen-
dence for different third bodies. We had to devel-
op parameterized rate expressions (see Fig. 1)
based on the k, expression of Ar and using the
fall-off formula of Troe [20]. A collision efficiency
factor f=0.53 was used for Ar relative to N,.
The collision efficiency of He was assumed to be
equal to that of Ar. The study of Michael et al.
[3] supports a collision efficiency of O, smaller
than that of N,. We found that for O,, f=0.75
gives a good agreement with experiment [3] and
theory [2]. For H,O, Troe [2] suggested that the
broadening factor is close to the strong-collision
limit. We chose a f value of 12 (relative to N)
with the resulting rate in good agreement with
those of Troe and others [2,3,21].

The ky expression of H+OH+M=
H,0 + M was taken from [8] with the f values
equal to 0.38 and 6.3 for Ar and H,O, respectively
[12]. The rate expression of Michael et al. [10] was

employed for H;+ O,=H+ HO,. For
OH + OH(+M) = H,0,(+M), the k, expression,
given in the reverse direction by Baulch et al.
[12], was refitted based on the new heat of forma-
tion of the OH radical along with the low temper-
ature data of Zellner et al. [11]. The koo
expression and the f value of H,O (6) were taken
from [11] while the Troe fall-off parameters [22]
were the same as those in GRI 3.0. The rate
expressions for H,0, + OH = HO, + H,0 were
taken directly from [15], though the high-temper-
ature expression was refitted using a modified
Arrhenius expression to avoid the rate constant
values exceeding the collision limit when extrapo-
lated to high temperatures.

For CO + O(+M) = CO,(+M), the k., expres-
sion was taken from [13], and following Allen
et al. [23], ky was taken from the QRRK analysis
of Westmoreland et al. [24] and fall-off was that of
Lindemann. The collision efficiency of H,O was
assumed to be 12. The rate constant for
CO+OH=CO,+H was re-analyzed in the
present study, and the experimental data were
refitted by the sum of two modified Arrhenius
expressions. The new expression resolves more
accurately the high temperature data of Woold-
ridge et al. [25] as well as the data found in [26].
Without this revision, it was not possible to recon-
cile the high-temperature H, ignition data with
the H,-CO laminar flame speeds. The known
pressure dependence of this reaction was not con-
sidered as this dependence is quite unimportant
for the CO oxidation experiments considered
herein.
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3. Computational and optimization method

A comprehensive review was conducted for a
large number of H,~CO combustion data. Thir-
ty-six experiments were chosen as optimization
targets as shown in Table 1. They can be classified
into four categories: (1) laminar flame speeds of
H-air, H,-O,-He, and H,~CO-air mixtures, (2)
the peak mole fractions of H and O in a low-pres-
sure burner-stabilized H,~O,-Ar flame, (3) the
consumption rates of H, and CO during the reac-
tion of H,-0,-N; and CO-0,-H,0-N, mixtures
in a turbulent flow reactor, and (4) ignition delay
times of H,-O,-Ar and H,—CO-O,-Ar mixtures
behind reflected shock waves.

Ignition delay and flow reactor calculations
were conducted using a kinetic integrator inter-
faced with CHEMKIN [19] by assuming adiabatic
condition. Ignition delays were modeled using the
constant-density model, whereas flow reactor
modeling used the constant-pressure assumption.
The numerical ignition delays were determined
following the same ignition criteria as in the
respective experiments. Laminar flame speeds
and structure were calculated using Premix [40],
employing thermal diffusion, and multicomponent
transport. Diffusion coefficients of several key
pairs were updated [41].

Sensitivity analyses were conducted for igni-
tion delay and consumption rates of the fuel in
flow reactor with a brute force method. For lam-
inar flame speeds and H and O peak mole frac-
tions in burner-stabilized flames, the local
sensitivity methods were utilized. Based on the
sensitivity information, active rate parameters
(to be optimized) were chosen for each target.
The entire set of active parameters consists of 28
A-factors and third-body efficiency factors as
shown in Figs. 1 and 2.

The optimization approach is similar to earlier
studies [8,43]. Briefly, the solution mapping tech-
nique was employed to express a response by a sec-
ond-order polynomial ¥ = ag + 37 ax; + .7,
Z}'z,b,jx,-xj, where a’s and b’s are the coefficients,
x’s are factorial active variables given by
x = In(a/oyia)/In(f), where o is the active A4 factor
or third-body efficiency factor, and f'is its span or
uncertainty factor. The uncertainty factor was esti-
mated on the basis of kinetic uncertainty and is pro-
vided in Fig. 1 for each active parameter. Though
an optimization of the temperature dependence of
rate coefficients is possible, we chose not to vary
the T-dependence because of the insufficient num-
ber of systematic experimental targets [43].

For flow reactor targets, the response was
found to be highly non-linear with respect to x’s.
These responses are expressed by adding a hyper-
bolic tangent term to account for the S-shaped
dependence of response with respect to Xxs,
n=n +ctanh(ay+ 377, dx + 30,30, b
x;). The coefficients for the flow reactor and igni-

tion delay targets were calculated by a factorial
design test [43]. The coefficients for flame targets
were obtained using the sensitivity analysis based
method [44].

Minimization was carried out on the objective
function L? = Z[(1;expt — Nicale)/a;]* subject to
the constraint —1 < {x} < +1, where the subscript
idenotes the ith target. Each target was individually
weighted by their uncertainty o,. The target values
and their uncertainties are presented in Table 1.

4. Results and discussion

The trial kinetic model was tested against a
wide range of experimental data. The predictions
of the trial model for the 36 target values are
shown in Table 1 (the “trial” column). Overall
the model performed well against these experi-
mental data. The exceptions are: it overpredicts
H,-O,-He flame speeds, the H and O mole frac-
tions in the burner-stabilized flame, and the
consumption rate of H, for the 1.0% Hy-1.5
0,%—N, flow reactor mixture at 943 K and 2.5 atm.

To reconcile these discrepancies, optimization
was then carried out for 28 active parameters with
respect to 36 targets. All active parameters were
allowed to vary freely within their uncertainty
spans. The optimal parameter set was obtained

as the minimum of L?, first from a random sample
of the multidimensional parameter space, fol-
lowed by a Newton search of the L? minimum
in the parameter space. The values of optimized
active parameters are shown in the last column
of Fig. 2 (expressed as the optimized-to-trial
parameter ratio). To obtain the optimized model,
the active parameters (A4-factors and third-body
efficiency factors) shown in Fig. 1 should be mul-
tiplied by their corresponding ratios.

Validation of the optimized model will be dis-
cussed below. Figure 3 presents experimental
[27-31,45] and computed laminar flame speeds of
H,-air and air-equivalent mixtures where N, was
replaced by Ar or He. With trial model predictions
already close to the experimental values, the opti-
mization served only to fine-tune the model, result-
ing in excellent agreement with the experiment as
can be seen in Fig. 3 and Table 1. The trial model
tends to overpredict the H,~O,~He flame speeds
at elevated pressures (Table 1). The discrepancies
are clearly caused by kinetics as a previous study
showed that the uncertainty in the transport coeffi-
cients cannot account for the observed differences
[41]. Now the optimized model can successfully pre-
dict these H,~O,-He flame speeds [27] as seen in
Fig. 4. This agreement was brought by lowering
the rate of OH+ H,=H+ H,0, H+ HO, =
OH + OH, and a small increase in the rate of
H+ O, + H,0 = HO, + H,0.

The dominant sensitivity of the laminar flame
speeds of H,—CO-air mixtures, especially the
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Fig. 3. Experimental (symbols) and computed (lines: the
optimized model) H,-air and air equivalent (N, is
replaced by Ar or He) flame speed at a pressure of 1 atm.

5 atm (x0.5

Laminar Flame Speed

0 A 1 1 1
0.5 1.0 1.5 2.0 25

Equivalence Ratio, ¢

Fig. 4. Experimental (symbols [27]) and computed
(lines: the optimized model) H,-O,-He flame speeds.

95% CO+ 5% H, mixtures, to CO+ OH =
CO, + H has been observed elsewhere [32] and
necessitated a re-evaluation this reaction. It was
determined that the sum of two modified Arrhe-
nius expressions was necessary to predict the lam-

inar flame speed data. Figures 5 and 6 show that
the optimized model reproduces experimental
H,~CO-air laminar flame speeds [32,33].

Figure 7 depicts species profiles for four se-
lected H, oxidation experiments in a turbulent
flow reactor [13]. Time shift was necessary to
match the computed profiles with the experimen-
tal counterparts. The amounts of time shift were
found to be similar with those used by Mueller
et al. [13]. It is seen that the optimized model pre-
dicts the experimental species profile accurately,
and it also improved the prediction of the experi-
ment as compared to the trial model (cf. Fig. 7B).
Similarly, the results of Fig. 8 show that for CO
oxidation [35] the optimized model accurately pre-
dicts the CO consumption rate over an extended
pressure range.

The trial model could accurately reconcile
most of the ignition delay data for H,-O,—diluent
mixtures, and optimization served only to im-
prove these predictions as can be seen in Table
1. In addition, Fig. 9 shows a plot of experimental
and computed ignition delay times for H,~O,-Ar
mixtures [36-38,46] behind reflected shock waves.
Here, the experimental shock-tube ignition delay

data were fitted into © (ps) = [H,) *'*[0,]" "%
[A]’]OM [677 X 10—8 70,252e9234/T] for non-‘“‘run-
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Fig. 5. Experimental (symbols [32]) and computed
(lines: the optimized model) H,~CO-air flame speeds
at a pressure of 1 atm.
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Fig. 6. Experimental (symbols [33]) and computed
(lines: the optimized model) H,-CO-air flame speeds
at a pressure of 1 atm.
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Fig. 7. Experimental (symbols [13]) and computed
(lines) species mole fraction profiles during hydrogen
oxidation in a flow reactor. Solid lines: optimized model;
dashed lines: trial model.
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Fig. 8. Experimental (symbols [35]) and computed
(lines) [COY[CO), profiles during moist CO oxidation
in a flow reactor. Cases (a): 1.014% CO + 0.517%
0,+0.65% H;0 in Ny, p=1atm, To=1038K, (b)
1.01% CO+0.496% O,+0.65% H,O in N,
p=244atm, To=1038K, (c) 0.988% CO + 0.494%
0, +0.65% H,0 in N,, p=3.46 atm, T, = 1038 K, (d)
0.984% CO+0497% O,+0.65% H,O in N,
p=6.5atm, T, =1040 K, and (e) 0.994% CO + 1.47%
0, +0.65% H,0 in N,, p = 9.6 atm, T, = 1039 K.
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Fig. 9. Experimental (symbols) and computed (lines)
ignition delay times of H,-O,-Ar mixtures behind
reflected shock waves. Symbols: (a) 6.67% H, + 3.33%
0,, ps = 1.35-2.90 atm; (b) 5% H, + 5% O,, ps = 1.35-
290 atm (onset of pressure rise [36]), (c) 0.5%
H;+0.25% O, ps=33atm, (d) 2% H,+ 1% O,
ps =33 atm, (e) 0.5% H; + 0.25% O,, ps =57 atm, (f)
0.33% H;+0.17% O, ps=64atm, (g) 0.1%
H,; + 0.05% O,, ps = 64 atm, (h) 0.5% H, + 0.25% O,,
ps = 87 atm (maximum OH absorption rate [38]), (1) 8%
H; + 2% O,, ps = 5 atm (maximum OH emission) [46],
and (j) four H;+ O, mixtures [37]). Lines: (1) 0.5%
H; +0.25% Oy, ps = 87 atm (maximum [OH] rate), (2)
2% H, + 1% O, ps = 33 atm (maximum [OH] rate), (3)
8% H; + 2% O,, ps =5 atm (maximum [OH]), and (4)
5% Hy+ 5% 0O, ps=2atm (maximum pressure
gradient).
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Fig. 10. Experimental (symbols) and computed (lines)
ignition delay times behind reflected shock waves for
H,-0,-N; mixtures. Experimental data were determined
from onset of pressure rise [47] and maximum rate of
OH emission [48].

away” data, i.e., those fall on the nearly linear
portion of the curves of Fig. 9, where [] denotes
concentration in mol/cm®. For mixtures of H,—
0,-N, [47,48], comparison was also made as seen
in Fig. 10, where the result should only be consid-
ered as a secondary validation because the vibra-
tional relaxation of N, was not accounted for in
modeling. The optimized model also predicts
fairly well the ignition delay of CO-H,-O,-Ar
mixtures [39] as seen in Fig. 11.

The optimized model resulted in improved
prediction of the species profiles measured in a
low-pressure H,~O,—Ar flame, though the concen-
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Fig. 11. Experimental (symbols [39]) and computed

(lines) ignition delay times behind reflected shock waves.
The experimental ignition delay was determined from
the onset of infrared emission due to CO,; the compu-
tational ignition delay determined from the maximum
CO; concentration gradient.
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Fig. 12. Experimental (symbols [42]) and computed
(lines) extinction strain rates as a function of the
equivalence ratio for ultra-lean H,-air mixtures.

trations of H and O are still overpredicted (see,
Table 1). These discrepancies may well be caused
by the experimental uncertainty due to flame per-
turbation by the sample probe.

Finally, the trial model (dashed lines) and the
optimized model (solid lines) were compared
against extinction strain rates of ultra-lean Hy-
air mixtures [42]. These experiments were not used
as optimization targets because of large influences
from the uncertainties in the diffusion coefficients.
The results of Fig. 12 indicate that both the trial
and optimized model can accurately predict the
data for the leaner equivalence ratios, and begin
to deviate as the equivalence ratio approaches
0.5. Again, this deviation may be due to diffusion
effects and shows the need to include diffuse coef-
ficients in the optimization space [42].

The optimization procedure also allows us to
probe the residual kinetic uncertainties. We found
that the rate coefficient of H+ O, = OH + O al-
ways stayed within 5% of the trial value for all
optimization runs made, including the use of a
smaller number of targets and/or a reduced
dimensionality of active parameter space. The rate
coefficient is within 8% and 20% from the analysis

of Troe and Ushakov [49] for T> 1500 and
1000 K, respectively. Again, our assignment of
rate constant uncertainties prior to optimization
is consistent with these differences. Of the remain-
ing active parameters, the optimized k,, k3, and k4
values are often within 20% of the trial values. For
H + Oy(+M) = HO,(+M), optimization led to a
10% increase in the rate coefficient of the base
reaction (M =N,), which is acceptable. For
M = H,0, the optimized third-body efficiency
was a factor of 1.09 of the trial value. Coupled
with the change in the rate for base reaction
(M =N,), the third-body efficiency of H,O rela-
tive to N, remains unchanged. Optimization
yielded a smaller efficiency factor for argon, dri-
ven primarily by the ignition delay data (the trial
model overpredicts ignition delays). The resulting
efficiency factor is equal to 0.46 (relative to N,),
and the corresponding rate coefficient for
H + O, + Ar=HO, + Ar is within the experi-
mental uncertainty given in [10]. The low-temper-
ature rate coefficient of HO, + OH = HO, + OH
and the high-temperature rate of HO,+
HO, = 0, + H;O, were lowered by 18% and
13% upon optimization, respectively. Both give a
better agreement with the rates recommended by
Troe and Ushakov [49].

Among the 28 active parameters, 12 “hit” their
respective boundaries of uncertainty spans. The
fraction of these parameters is much smaller than
what is usually encountered in kinetic model opti-
mization (see, for example [50]). Some of these
parameters are either inadequately constrained
because of a lack of relevant targets or because
they are only marginally active for H,~CO com-
bustion (e.g., 9c, 9e, 23, 25, 29, and 29a). Others
may be caused by target data inconsistency [51].
These issues, while worthy to explore, are clearly
outside of the scope of the present study.

5. Summary

A H,;-CO kinetic model was proposed. The
model was based on a comprehensive review of lit-
erature kinetic data, considering the recent revi-
sions in the rate coefficient of H+ Oy(+M) =
HO,(+M), its third-body efficiencies, and the en-
thalpy of formation of the OH radical. The trial
model performed very well against most of the
H,/CO combustion data. Discrepancies in the pre-
dictions, however, existed for several data sets.
These discrepancies were successfully resolved by
optimization within the uncertainty bounds of the
relevant rate parameters with respect to 36 targets,
including the global combustion properties of igni-
tion delays and laminar flame speeds, and the de-
tailed species profiles during H, and CO
oxidation in flames and flow reactors. It is shown
that this set of H,—~CO combustion targets can be
reconciled within the underlying kinetic uncertain-
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ties, and the optimized kinetic model is predictive
for all reliable H,~CO combustion data considered
herein.
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Comments

J. Troe, University of Gottingen, Germany. 1 see prob-
lems with this type of optimization of elementary reac-
tion rate coefficients on the basis of macroscopic
reaction systems. The conditions of the macroscopic
experiments just do not correspond to those of separate
studies of the elementary reactions. In particular, pres-
sure-dependent reactions like H+O,+ M or HO +
CO + M depend strongly on the third bodies M. In mac-
roscopic reaction systems, these M may also be H,0,
reactive atoms, or reactive radicals. For the latter, colli-
sion efficiencies may differ markedly from the values de-
rived for third bodies like N,. The optimization of this
paper may mix this all up. I would recommend leaving
the results, from separate elementary reaction rate stud-
ies untouched and only optimize those collision efficien-
cies (or rate coefficients) that are otherwise inaccessible
or unknown.

Reply. We agree that optimization of reaction rate
coefficients on the basis of macroscopic reaction systems
cannot provide rate values more accurate than isolated
“‘microscopic” experiments or ‘“‘ab initio” theoretical
studies. The purpose of optimization is to examine the
ability of up-to-date rate coefficients for predicting the
responses of macroscopic reaction systems. This is, after
all, the practical purpose of fundamental reaction kinet-
ics. In our optimization procedure, we ask two basic
questions. First, do the latest developments in reaction
kinetics, i.e., better and more accurate rate coefficients,
predict or give rise to better predictions for the macro-
scopic reaction systems? Second, given the uncertainty
in each and every rate parameter, can the responses of
macroscopic reaction systems be better predicted by sys-
tematic optimization within the uncertainty bounds of
each rate parameter? We maintain that the ultimate goal
of kinetics studies can only be achieved by fundamental
theoretical and experimental studies supplemented fre-
quently by studies such as the one reported here.

The collision efficiencies of different species are in-
deed markedly different, and it is precisely this reason
why we chose to optimize the key, individual collision
efficiencies for key pressure-dependent reactions. Uncer-
tainty bounds intrinsically limit to which extent each effi-
ciency factor can be varied, thus maintaining their
physical nature, for example, H,O is a more efficient
third body. For this reason, we do not see any funda-
mental reason why optimization would mix this up. As
a practical measure we note that for H+ O, + M =
HO, + M the un-optimized third body efficiencies are
0.53, 0.53, 0.75, 12, and 1 for Ar, He, O, H,O, and
H,, respectively, relative to that of N, and the optimized
efficiency factors are 0.4, 0.46, 0.85, 11.9, and 0.75. These

[51] M. Frenklach, A. Packard, P. Seiler, Prediction
uncertainty from models and data, in:
Proceedings of the American Control Conference.
Anchorage, AK, May, 2002, PP-
4135-4140.

optimized factors are well within their respective range
of uncertainties.

Juan Li, Princeton University, USA. The rate con-
stant of CO+ OH <= CO,+ H is pressure-depen-
dent. The authors provide a new expression of the rate
constant by fitting the literature experimental results.
However, most of the experimental results were mea-
sured at low pressures. Is it proper to use the rate con-
stant expression for high-pressure cases?

Reply. A recent theoretical study [1] showed that the
rate coefficient for CO + OH = CO, + H starts to devi-
ate from the low pressure limit (by more than 2%) when
pressure becomes greater than ca. 20, 80, 700, 3600 and
13000 bar for 7= 800, 1000, 1500, 2000, and 2500 K,
respectively. This suggests that the reaction would in-
deed be at or nearly at its low-pressure limit under the
conditions of all experimental data considered herein.
Furthermore, the optimized rate expression agrees to
within 5% of the theoretical result of [1]in the tempera-
ture range of 800-2500 K.

Reference

[17 A. Joshi, H. Wang, Int. J. Chem. Kinet. (2004)
submitted for publication.

S.S. Kumaran, Cabot Corporation, USA. How does the
bath gas fc impart the flame speed map (uncertainties)?
What is the relative fc of various bath gases towards other
reactions (title reaction) CO + OH — CO, + H?

Reply. The influence of third body efficiencies of cer-
tain pressure-dependent reactions on flame speed has
been known for quite a while (Ref. [43] in paper). Active
efficiency factors were considered in model optimization.

Based on recent theoretical studies, e.g. (1], the
CO + OH reaction would indeed be very close to its
low-pressure limit under conditions of all experiments
considered herein. For this chemical activation process,
the impact of various bath gases would therefore be vir-
tually unimportant for the present study.

Reference

(1] A. Joshi, H. Wang, Int. J. Chem. Kinet. (2004)
submitted.
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David Smith, University of Leeds, UK. For part of
their optimization, the authors use the burning velocity
data of McLean (Ref. [32] in paper). The experiments,
particularly those with 25% CO/5% H, fuel were care-
fully chosen to have high sensitivity to the CO + OH
reaction. Two comments on these data:

. All expanding spherical flame methods for burning
velocity measurements have hot burnt gas inside the
flame; thereby prone to radiative heat loss. For these
flames (relatively show burning and high CO; con-
tent), measured burning velocities may be low by up
to 4-5%.

2. As reported in the paper, the authors found that com-

puted burning velocities were sensitive to CO + OH

rate only at temperatures around 1160 K. Compari-
son with these experimental data says essentially noth-
ing about CO + OH at other temperatures.

Reply. Radiative heat loss would have little influence
on measured flame speeds, as long as you are not near the
flammability limits [1,2]. The 95% CO + 5% H, in air
flame data measured by the expanding spherical flame
methods and used as model optimization and validation
targets were far from the flammability limits and thus
they should be affected minimally by radiative heat loss.

The fact that the CO + OH reaction is influential in a
fairly narrow temperature range for the 95% CO + 5%
H; flames is a very important result. Although compari-
son with these flame speed data says very little about
CO + OH at other temperature, it does point out the sub-
tle fact that a single modified Arrehnius expression can-
not reconcile available flame speed and shock tube data
of CO. Specifically, a proper prediction for the 95%
CO + 5% H, flames requires a smaller rate coefficient at
temperatures around 1160 K, yet a single modified
Arrehnius expression would not be able to reconcile
flame speed and shock tube data that are sensitive to
the rate coefficient of the CO + OH reaction at higher
temperatures.

References

[1] C.K. Law, F.N. Egolfopoulos, Proc. Combust. Inst.
24 (1992) 137-144.

(2] G. Rozenchan, D.L. Zhu, C.K. Law, S.D. Tse, Proc.
Combust. Inst. 29 (2002) 1461-1469.

Frederick L. Dryer, Princeton University, USA. Your
method of optimization appears to involve adjustments
only in the pre-exponent in rate correlations, which re-
sults in rate changes at all temperatures. We have shown
[1] that there are ‘““temperature windows’” for each input
parameter (rate constant, diffusion coefficient) where

laminar flame speed is most sensitive to the specific
parameter. These windows are small in comparison to
the total temperature range of the particular flame. Thus
in optimizing against all of the different types of experi-
mental targets that were utilized, your method simulta-
neously adjusts each rate constant at all temperatures
while optimizing against a particular target that covers
a particular temperature range. Would it not be more
appropriate to optimize both the pre-exponent and tem-
perature dependence (functional shape) of each rate cor-
relation? Essentially you forced such a result here for
one rate by proposing a different correlation of
CO + OH than appears in the published literature. We
have shown the importance of adjusting both pre-expo-
nent and temperature dependence of rate correlations
for several elementary reactions involved in the H,/
CO/O, oxidation mechanism, including this one [2].

References

[1] Work in Progress Poster 1F2-13, Int. J. Chem. Kin.
(2004) submitted.

[2] Work in Progress Poster 1F1-04, Int. J. Chem. Kin.
(2004) submitted.

Reply. We agree with the fact that each target (flame
speed, ignition delay, and flow reactor) is sensitive to a
given input parameter (i.e., reaction rate, diffusion coef-
ficient) at a specific temperature or over a given temper-
ature range, depending on the experimental conditions,
including pressure. This is precisely the reason why we
chose targets that covered an extensive temperature
(880-2625 K) and pressure (0.3-33 atm) range in order
to ensure accurate optimization of the input parameter
over an extended temperature and pressure range. While
we agree that a simultaneous optimization of the pre-ex-
ponential and temperature dependence would be more
rigorous, this level of optimization was not needed as
can be seen by the excellent agreement between model
predictions of the optimized model and experimental
data over extensive temperature and pressure ranges.

A theoretical analysis by Troe [1] has shown that due
to the complexity of the CO + OH reaction, there is no
inherent reason to believe that a single modified Arrehnius
expression can adequately describe the rate of this reac-
tion over an extended temperature range. We proposed
to refit the experimental data for the CO + OH reaction
using a summation of two modified Arrehnius expressions
to more accurately reconcile the experimental data for
high, intermediate and low temperatures. This expression
also agrees very well will our recent theoretical result [2].

References

[1] ). Troe, Proc. Combust. Inst. 27 (1998) 167-175.
[2) A. Joshi, H. Wang, Int. J. Chem. Kinet. (2004)
submitted.
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Abstract

Laminar flame speed has traditionally been used for the partial validation of flame kinetics. In most cases,
however, its accurate determination requires extensive data processing and/or extrapolations, thus rendering the
measurement of this fundamental flame property indirect. Additionally, the presence of flame front instabilities
does not conform to the definition of laminar flame speed. This is the case for Le < 1 flames, with the most
notable example being ultralean Hy/air flames, which develop cellular structures at low strain rates so that de-
termination of laminar flame speeds for such mixtures is not possible. Thus, this low-temperature regime of H,
oxidation has not been validated systematically in flames. In the present investigation, an alternative/supplemental
approach is proposed that includes the experimental determination of extinction strain rates for these flames, and
these rates are compared with the predictions of direct numerical simulations. This approach is meaningful for two
reasons: (1) Extinction strain rates can be measured directly, as opposed to laminar flame speeds, and (2) while
the unstretched lean Hy/air flames are cellular, the stretched ones are not, thus making comparisons between ex-
periment and simulations meaningful. Such comparisons revealed serious discrepancies between experiments and
simulations for ultralean H,/air flames by using four kinetic mechanisms. Additional studies were conducted for
lean and near-stoichiometric Hy/air flames diluted with various amounts of Nj. Similarly to the ultralean flames,
significant discrepancies between experimental and predicted extinction strain rates were also found. To identify
the possible sources of such discrepancies, the effect of uncertainties on the diffusion coefficients was assessed and
an improved treatment of diffusion coefficients was advanced and implemented. Under the conditions considered
in this study, the sensitivity of diffusion coefficients to the extinction response was found to be significant and, for
certain species, greater than that of the kinetic rate constants.
© 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: H,/air flames; Flame extinction; Premixed flames

1. Introduction
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the next generation of engines. While progress in fun-
damental reaction kinetics has facilitated the growth
of this knowledge, it is still essential that the resulting
reaction model be tested against a wide variety of fun-
damental flame properties to ensure model complete-
ness and accuracy. Laminar flame speed, SS, has been
the main property against which kinetic mechanisms
have been tested and optimized (e.g., [1]). While
this is an acceptable approach, there are drawbacks.
First, the determination of SS frequently requires
either extrapolations or data processing. Addition-
ally, SO cannot be defined under conditions that do
not conform to the steady, laminar, one-dimensional,
stretch-free, planar, adiabatic flame model. This is
the case when instabilities develop. The most pro-
found example covers flames with Le < 1 such as
ultralean Hj/air flames; Le is the mixture’s effec-
tive Lewis number. These flames are severely affected
by cellular instabilities as the stretch rate approaches
zero.

Yet the properties of these ultralean, weak flames
are particularly useful to kinetic model development,
in that the maximum temperature of these flames ap-
proaches or is below the crossover temperature of
chain branching versus chain termination. The overall
reaction becomes slow and rate limiting. And for this
reason, the properties of ultralean flames are expected
to be more sensitive to reaction kinetics than those
of stronger flames. The intensity of ultralean flames
may also be limited by the rate of fuel supply to the
intense reaction zone. Consequently diffusion—kinetic
coupling is expected to be ever important.

The current study was directly motivated by the
aforementioned considerations. Specifically, an alter-
native/supplemental approach is proposed here for the
validation of flame kinetics. It is proposed that the ex-
tinction strain rate, K¢xi, determined in counterflow
configurations be used to supplement SS, considering
that Kcx is often sensitive to kinetic subsets similar
to S‘? (e.g., [2]). In the counterflow configuration the
surface of Le « 1 flames become smooth under the
influence of positive stretch, as the cellular instabili-
ties are suppressed.

To ensure that the comparisons between the ex-
perimental and predicted Kcx; values are reliable, the
flame extinction experiments must be performed so
that several subtle issues are adequately addressed.
First, given that the extinction state cannot be mea-
sured and only the strain rates of preextinction states
can be determined, a methodology is required to en-
sure that there is no need for extrapolations. Second,
some geometric requirements must be met for the ex-
perimental configuration to be truly represented by
the numerical simulations. Both these points were
carefully considered, and the details are presented
next.

In summary, implementation of K¢x; for kinetic
validation allows for probing of the ultralean Hy/air
regime that has not been adequately assessed in past
flame studies. This kinetic regime corresponds to tem-
peratures of about 1000 to 1400 K that are well below
those encountered in hydrocarbon/air flames, and is
also of direct relevance to hydrocarbon ignition. In ad-
dition, molecular diffusion is expected to be important
in the flame extinction process. In the present investi-
gation, the effects of uncertainties associated with the
diffusion coefficients and their formulations are also
addressed.

2. Experimental approach

The experiments were conducted using the coun-
terflow technique, which allows for the establishment
of planar single or twin flames. Single flames were
considered and they were established by counter-
flowing a fuel/air jet against an opposing ambient-
temperature air jet. In the present investigation this
approach was preferred over the symmetric twin-
flame configuration (e.g., [3]) because, for the same
equivalence ratio, ¢, the single-flame configuration
results in lower Kext values compared with the twin-
flame configuration. Consequently, lower Reynolds
numbers are required, thus minimizing the effect of
intrinsic instabilities that are present in flow systems.

For the experiments to be consistent with the as-
sumptions of the quasi-one-dimensional stagnation
code that is presented in the following section, the
L/ D ratio was chosen to be less than 1.0, typically be-
tween 0.5 and 1.0; L is the burner separation distance
and D is the burner diameter. It has been confirmed
experimentally that as long as L/D < 1, the experi-
mental and predicted velocity profiles along the stag-
nation streamline are in close agreement. The nozzle
diameters used were D = 7, 14, and 22 mm, and the
reported data were taken by using L = 7, 14, and
18 mm; typically smaller (greater) L and D values
are used for stronger (weaker) flames.

The digital particle image velocimetry (DPIV)
technique [4] was used for determination of the ax-
ial velocity profile along the stagnation streamline.
The flow was seeded by 0.3-pum-diameter silicon oil
droplets, produced by a nebulizer similar to that of
Hirasawa et al. [S]. The absolute value of the maxi-
mum velocity gradient in the hydrodynamic zone is
defined as the strain rate, K.

The extinction strain rate, Kext, cannot be directly
determined given that measurements at the extinction
state cannot be made, and, therefore, extrapolations
may be needed. This problem was resolved by estab-
lishing flames at states very close to extinction, deter-
mining the prevailing K, and by subsequently achiev-
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ing extinction through a slight reduction of the fuel
flow rate for these fuel-lean flames. It was shown both
experimentally and numerically that K is minimally
affected through such slight variations of the fuel flow
rate. Thus, the measured K for a slightly richer flame
is a very close representation of the actual Kext. This
approach provides a direct measurement of Kcx; that
can be used with confidence for validating chemical
kinetics.

The measurements were performed for atmo-
spheric ultralean Hjy/air mixtures. Additionally, and
to moderate potential Le number effects, N,-diluted
near-stoichiometric Hp/air mixtures were also consid-
ered.

3. Numerical approach

The counterflow configuration was numerically
simulated by solving the quasi-one-dimensional con-
servation equations of mass, momentum, species con-
centrations, and energy along the stagnation stream-
line [6-8]. The effect of thermal radiation from CHy,
H,0, CO;, and CO at the optically thin limit [7]
was also included. The code was integrated with the
CHEMKIN [9] and Sandia Transport [10] subroutine
libraries. Modifications were made in the Transport
subroutines to account for recent updates of diffu-
sion coefficients for pairs whose interactions cannot
be accurately described by the Lennard-Jones poten-
tial function, as is discussed in Section 4.

The extinction condition was achieved by first es-
tablishing a vigorously burning flame and by increas-
ing the flow velocities at the burner exits; all experi-
mental conditions were modeled directly by consider-
ing the exact values of L (i.e., 7, 14, and/or 18 mm)
that were used in the experiments as they can have
a notable effect on Kext [7]. At the extinction state,
the response of any flame property to the strain rate is
characterized by a turning point behavior. The code
has been modified to allow for capturing this sin-
gular behavior and allowing, thus, for the accurate
determination of Kext (e.g., [11]). More specifically,
a two-point continuation approach was implemented
by imposing a predetermined temperature or species
mass fraction at two points in the flow field, so that the
nozzle exit velocities are solved for, rather than im-
posed as boundary conditions. In doing so, the local
strain rate, K, and as a result Kcxt, become dependent
variables rather than independent ones and the turning
point behavior is not a singular one.

Four H,/0; kinetic models were used in the nu-
merical simulations. The first two models are those of
Mueller et al. [12] (hereafter referred to as MKYD99)
and Li et al. [13] (hereafter referred to as LZKDO04).
Two additional models were also considered and the

details are given in Ref. [14]. Briefly, a “trial” model
(hereafter referred to as TRM04) was compiled based
on a comprehensive review of literature data consid-
ering recent kinetic developments, especially in the
rate constants of the H+ Oy + M — HO; + M re-
action and the revision of the enthalpy of formation
of the OH radical. An “optimized” model (hereafter
referred to as OPM04) was derived from the “trial”
model by optimizing rate parameters with respect to
a wide range of Hy and CO oxidation data in shock
tubes, flow reactors, and flames. It is important to
note that the objective of the current simulations was
not to compare the performance of various reaction
models. Rather selected models were employed to il-
lustrate two important points: (1) the suitability of
Kext as a tool of kinetic mechanism validation, and
(2) the strong diffusion-kinetic coupling that exists for
all models tested.

Assessing the effects of chemical kinetics and
molecular diffusion on Kext requires the use of sensi-
tivity analysis. While the standard CHEMKIN-based
codes do allow for automated sensitivity analysis with
respect to all rate constants for Sf,) and all temper-
ature and species concentrations (e.g., [15]), this is
not the case for the important Kex:. In this investiga-
tion, this was achieved for the first time by realizing,
as described earlier, that K¢x; becomes a dependent
variable when the aforementioned two-point continu-
ation approach is invoked. As a result it was possible
to perform rigorous sensitivity analysis with respect
to rate constants for Kex; at the exact location that
is determined experimentally, i.e., where it reaches
its maximum value in the hydrodynamic zone. How-
ever, the capability of performing sensitivity calcu-
lations of the various dependent flame properties on
species diffusivities is not readily available in the ex-
isting codes. Thus, a “brute force” approach was im-
plemented. More specifically, the mass diffusivity of
each species i to the mixture, D; ,, was perturbed
by +25% and the attendant K¢y values were sub-
sequently determined. Subsequently, logarithmic sen-
sitivity coefficients were formed by determining the
derivatives d(In Kext)/9(In D; ).

As is shown in the Section 5, the sensitivity of
Kext to diffusion was found to be significant for cer-
tain species. This motivated further assessment of the
validity of the diffusion coefficient formulation of the
Sandia Transport subroutine library [10] which is ex-
tensively used in flame modeling. As a result, an im-
proved treatment of the diffusion coefficients was ad-
vanced and is presented next.

Additional simulations were performed using the
Premix code [15] for the determination of laminar
flame speeds, 58, to address the relative sensitivi-
ties of kinetics versus diffusivities to SO. The code
automatically outputs the logarithmic sensitivity coef-
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Table 1
Summary of polynomial coefficients for updated binary diffusion coefficients and ratios of collision integrals
Pair Diffusion coefficient, D;; A,.‘j

do d dyx 102 dyx103  Ref? ag ayx10  a;x102 a3 x103
H-He -9.6699 2.1002 —7.7060 5.4611 [17] 0.93003 0.80150 —0.94733 0.63459
H-Ar -9.0511 1.6161 —0.2878 1.3054 [18] 0.68819 1.53423 —1.76995 0.88796
H-H, —11.7498 3.1507 —25.7472 15.8916 [17] 0.68565 1.53390 —1.36735 0.32210
H-0, —11.0410 2.4043 -10.2797 5.3264 [19] 1.29254 —1.84989 4.27103 —2.60823
H-N, —-13.2703 3.5187 —29.6649 16.4314 [20] 1.33865 —0.85454 0.92291 0.04406
Hy-He —12.7513 3.4244 —28.4726 15.9317 [17] 0.59534 2.07809 —2.48477 1.00128
Hy-N;  —10.9994 2.2026 —8.1155 4.4061 [21] 1.31648 —1.32021 2.41620 —1.20259
H,-H; -9.9610 2.0560 —6.4977 4.1368 [22] 1.32209 -1.20749 2.20471  —1.05955

B,.'I. C,T'j

bo by x 10 by x 102 by x 103 o c; x 10 cx102 3% 103
H-He 0.87638 1.02383 —1.48030 0.98804 1.06002 —0.59928 1.02650 —0.73451
H-Ar 0.69683 1.71580 —2.43568 1.36548 0.67027 1.14334  —1.50407 0.51876
H-H, 0.67795 1.37471 —1.10587 0.16577 0.65119 0.82160 —0.43894 —0.27358
H-O, 1.99270 —2.72201 2.05951 0.16444 1.27566  —2.27862 4.44995 —2.74619
H-N; —2.20300 1591601 —25.33938 13.64477 1.27616  —2.25934 4.64183 —-3.10151
Hy-He 0.67715 1.35792 —1.14253 0.18886 0.65192 0.83651 —0.44501 —0.25987
Hy-H, 3.63140 —11.39793 16.94208 —8.12678 1.29811 —1.78141 2.95671  —1.70201
Hy-N; 1.94230 —4.19106 6.71192  —3.36850 1.29073 —1.93012 3.39899  —1.96836

2 The fits are based on diffusion coefficients taken directly from the referenced article, or those computed using the potential

functions given in the referenced article.

ficients d(In SS)/a(ln A). The logarithmic sensitivity
coefficients d(In SS)/H(ln Dj m) were determined us-
ing the “brute force” approach.

4. Updated diffusion coefficients

The need to update the diffusion coefficients stems
from the fact that they were measured usually at or
near room temperature. Extrapolation of these diffu-
sion coefficients to high temperatures is accomplished
using Chapman-Enskog theory. An empirical poten-
tial function, for example, the Lennard—Jones (L-J)
12-6 potential function, may provide a good predic-
tion at room temperature, as the potential parameters
are usually fitted to data around the same tempera-
ture. However, extrapolation to high temperature is
subject to uncertainties in the repulsive part of the
potential function. For example, the current under-
standing is that the repulsive part of the L-J potential
function is too stiff to accurately account for diffu-
sion coefficients at high temperatures [16]. Replacing
the repulsive part of the potential with an empirical,
yet softer, exponential function led to an increase in
most of the diffusion coefficients involving H and
H, [16], compared with those predicted by the San-
dia Transport subroutine library [10]. Recent studies
[17,18] showed that even the exponential function
might be too restricted and suggested that the dif-
fusion coefficients of key pairs be directly modeled,

using potential functions calculated from first prin-
ciples, without resorting to the use of tabulated L-J
126 collision integrals. The rationale behind this ap-
proach is that when the resulting diffusion coefficient
is appropriately compared with experimental data at
or near room temperature, the extrapolation of dif-
fusion coefficient into the high-temperature region is
made more reliable, as the potential function is solidly
based on ab initio quantum chemistry theories.

In this work an update for binary diffusion coef-
ficients is provided for selected pairs (see Table 1).
All of the updates are based on ab initio theory,
and all the corresponding diffusion coefficients vali-
dated against the room-temperature experimental data
[17-22]. Fig. 1 compares the binary diffusion coef-
ficients of the Sandia compilation [10] and those of
the current update for pairs (Hz, N3) and (H, N»).
Although the differences in the two sets of diffusion
coefficients are seemingly small (i.e., within 10%),
this same difference could cause notable differences
in predicted Kext, as is discussed later.

Within the framework of the Sandia Premix [15]
and similar codes, implementing these updates is
quite easy and adequate, even if diffusion coefficients
are available for only a few pairs. The temperature de-
pendence of binary diffusion coefficients at 1 atm was
fitted, as in Ref. [10], by

InD;j =dg+d,InT +dy(InT)? + d3(InT)?,
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Fig. 1. Comparison of binary diffusion coefficients of the Sandia compilation [10] and the current update for pairs (H, N;) and

(Hy, Ny) at a pressure of 1 atm.

where dy (k =0, 3) is the polynomial coefficient, tab-
ulated in Table 1. For the mixture-averaged transport
formulation, the above polynomial is sufficient for
flame simulations. The multicomponent transport for-
mulation, as well as computation of the thermal dif-
fusion ratio in both transport formulations, however,
requires the input of the ratios of collision integrals
[10,23], 1.e.,

. 2,2 D
Aij=.\’2’.(j )/(2:2”. ),

1.2 1.3 1.1
By =(sal?-al hlea M,
* (1,2 1,1
cy=a?[6a N

These ratios are given for each pair in the following
forms:

A}, =ag+a)InT}; +ay(In T,;)2 +a}(lnT,~;-)3.
B}, =bo+biInT}; +by(InT}5)> + by (InT}3)’,
Ci‘j =co+c lnT,-';- - c‘z(lnT,-'})2 =+ CB(I“T“;‘)s'
Here ay, by, and ¢4 (k =0, 3) are the polynomial co-

efficients, the values of which are listed in Table 1,
and Tl; is the reduced temperature determined by the

collision well depth ¢;; as T,; =kT/¢jj.

5. Results and discussion

The experimental Kex; values were modeled by
using four different kinetic models and several dif-
fusion coefficient models. Typically, in most flame
modeling studies, the Sandia Transport library [10] is
used, which includes two options for the calculation
of D; p, values. The first option is the multicompo-
nent approach, and the second is the mixture-averaged
approach. Although not explicitly reported, the lat-
ter approach is the one that is used more frequently
given its significantly lower computational cost. In the
present study the effect of such choices was assessed.
Additional comparisons were made between predic-
tions based on the D; n, values as calculated by the
present update and that of Ref. [10]. In all simulations
the Soret effect was included.

The extent of spatial resolution had a first-order
effect on the predicted Kex: values. More specifically,
by varying the number of grid points, N, from 300 to
2000-3000, K.x¢ was found to increase by as much
as 25%, reaching asymptotically the values that are
reported hereafter. It should be noted that in all sub-
sequent figures that contain the experimental and pre-
dicted Kext values, the vertical scale is logarithmic
given the large scale of variation of Kexi considered.
It should also be noted that the logarithmic scale tends
to underemphasize discrepancies. Thus, to accurately
illustrate the comparisons between experimental and
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predicted Kext values, their ratio is also shown when
appropriate.

Fig. 2 depicts comparisons between the experi-
mental and predicted K¢x; values for ultralean Hp/air
flames; the simulations shown in the figures included
use of updated multicomponent diffusion model
(UMC). Fig. 3 depicts the ratio between predicted and
experimental K¢x: values. It is of interest to note that

significant disagreements exist between experimental
and predicted Kext values, and that there is a differ-
ence in the “slope” of the results. At low ¢ values,
TRMO04 closely predicts the experimental Kex: val-
ues, whereas at high ¢, it overpredicts by nearly 40%.
The predictions achieved by the other three mecha-
nisms appear to be shifted toward lower K¢x; values
throughout the domain considered. It is apparent that
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no mechanism can reproduce the slope of the experi-
mental data.

The results in Figs. 2 and 3 illustrate the effect
of chemical kinetics on predicting Kext. The effect
of diffusivity on predicting Kcxt was also assessed
by performing simulations using the TRM04 model
and three different diffusion models. For clarity, the
results are shown in Fig. 4 scaled by the values of
Kext determined by using the UMC diffusion model.
The other two diffusion models were the Sandia mul-
ticomponent [ 10] formulation (SMC) and the updated
mixture-averaged formulation (UMA). Comparison
of the predictions obtained by the two multicompo-
nent models reveals that the SMC predicts larger Kext
values, by 15-35% compared with UMC. Further-
more, the UMA model gives Kext values 15-50%
larger than those given by UMC. These results sug-
gest that the widely used mixture-averaged diffusion
models can result in computed flame properties that
are notably in error. Similarly, even if a full multicom-
ponent model is used, the values of various molecular
diffusion properties could also result in notably differ-
ent results. Inspection of the results shown in Figs. 3
and 4 also reveals that the UMC model presents
roughly 20 and 15% improvements for the predicted
Kext at ¢ = 0.35 and 0.45, respectively, compared
with the SMC model. The degree of improvement,
however, depends on the kinetic model employed.

The reported differences on the order of 15-50%
cannot be considered minor. Without proper consid-
eration of diffusion uncertainties, these differences

could be falsely attributed to kinetics. Clearly, prob-
ing this unique flame region, from both kinetic and
molecular diffusion points of view, the uncertainties
associated with both processes must be taken into ac-
count. It should also be noted from the results shown
in Figs. 24, the range of the attendant adiabatic flame
temperatures, T,4, is of direct relevance to the ignition
of practical hydrocarbon fuels.

To moderate potential diffusion effects, additional
experiments were performed, by determining Kext
values for N;-diluted near-stoichiometric Hy/air mix-
tures. The results are illustrated in Figs. 5 and 6 for
¢ = 0.777 and Figs. 7 and 8 for ¢ = 0.965. In these
studies the attendant 7,4 values vary from 1600-
1700 K down to ~1200 K, thus assessing flame tem-
peratures similar to those of ultralean flames. The
numerical simulations shown in Figs. 5-8 were con-
ducted by using the UMC diffusion model and all
four kinetic models. The results reported for both
¢ = 0.777 and 0.965 exhibit similar behavior com-
pared with those of Fig. 2 in which the UMC diffusion
model was also used. More specifically, for ¢ = 0.777
all mechanisms underpredict Kex: at low T,q values
by 25-50%, whereas they overpredict Kexp at high
Taq values by 50-60%. For ¢ = 0.965, all mecha-
nisms appear to have a better agreement at low T,y
values, with discrepancies within £15%, but at high
Tad, the overpredictions persist and are of the order of
40-50%.

The results shown in Figs. 2-8 clearly indicate that
both chemical kinetics and diffusion have a notable
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effect on the predicted Kcx; values. It is also of in-
terest to note the similarity of the results shown in
Figs. 2-4 with those of Figs. 5-8. This similarity does
not provide any further insight into the relative im-
portance between chemistry and diffusion. To further

investigate the effects of kinetics and diffusion, sensi-
tivity analyses of both processes were performed.
Fig. 9 depicts logarithmic sensitivity coefficients
of Kext for the kinetics for ultralean Hy/air flames
with ¢ = 0.289 and 0.314. The analysis was con-
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ducted by using TRMO04. As expected, Kext is posi-
tively sensitive to the reactions

Hy + O - OH + H,
H, + OH - H,0 + H,
HO, + H — OH + OH,

H+ 0; > OH + O.

and the radical chain branching reaction

As also expected, the reaction

H + Oy (+M) — HO;, (+M)
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Fig. 9. Logarithmic sensitivity coefficients of K¢x; with respect to reaction rate coefficients, computed for ultralean Hy/air flames

using the TRM04 model.

exhibits a large negative sensitivity along with other
radical termination reactions:

HO; + OH — O3 + H,0,
HO,; + H— H; + 0,.

The HO; chemistry is significant for ¢ = 0.289, but
its role is diminished for the higher ¢ = 0.314 for
which T,q is higher. Based on these results, it is rea-
sonable to attribute some the observed discrepancies
to uncertainties associated with the rate parameters of
the aforementioned reactions.

On the other hand, the influence of kinetic uncer-
tainties cannot be adequately assessed without con-
sidering the uncertainties in the diffusion coefficients.
This point is illustrated in Fig. 10, which depicts log-
arithmic sensitivity coefficients of Kexy with respect
to the mass diffusion coefficients for ultralean Hy/air
flames with ¢ = 0.289 and ¢ = 0.47, as well as two
Nj-diluted ¢ = 0.777 Hj/air flames. It was found that
the diffusivity of only four species had a notable effect
on Kext, namely, H, Oz, H0, and H. Comparing the
results of Figs. 9 and 10, the large sensitivity values
derived from diffusion are rather striking. Logarith-
mic sensitivity coefficients for diffusion are not only
comparable to those of reaction rates, but, in the case
of Hj, are nearly three times larger than those of re-
action rates. Additionally, the logarithmic sensitivities
of the diffusivities of other species such as H and O3,
although smaller than that of Hj, are still of the order
of those of reaction rates.

A simple analysis of the diffusion problem reveals
that the diffusion coefficients of all species of interest

in the mixture, D; n,, are nearly equal to the binary
diffusion coefficient of the species in Ny, D; ,, for
these highly diluted flames in which N3 is the dom-
inant species. Thus, a 10% difference in Dy, N, be-
tween the Sandia compilation and the current update
(see, e.g., Fig. 1) could lead to about a 30% differ-
ence in the predicted Kexi! Even if Dy, N, is accurate
to within 5%, we are still faced with an uncertainty
of 15% in Kext. While the prospect of narrowing
Dy, N, to within 5% at high temperatures is small,
the current work highlights the importance of con-
sidering diffusion coefficient uncertainties in future
reaction model optimization and validation. It is also
apparent from the above discussion that the discrep-
ancies between experiment and the four models tested
cannot be conclusively viewed as deficient kinetics,
because the diffusion uncertainties may be solely re-
sponsible.

Comparing the various sensitivities in Fig. 10 re-
veals that although the diffusivities of Hy and H,O
are positively sensitive to Kex: for all cases stud-
ied herein, this is not the case for H and O;. The
positive sensitivity on the Hy diffusion coefficient
is physically sound and can be explained based on
the very low Le number for these fuel-lean mixtures
(e.g., [24]). More specifically, increasing the diffusiv-
ity of Hj results in higher flux of H; into the reaction
zone compared with the loss of thermal energy. As a
result the flame temperature increases and the flames
become more resistant to extinction. Note that the ul-
tralean ¢ = 0.289 and highly diluted (N,/air = 1.68)
¢ = 0.777 flames have the highest sensitivities to
H, diffusivity compared with the more stoichiomet-
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Fig. 10. Logarithmic sensitivity coefficients of Kcxi with respect to mass diffusion coefficients, computed for ultralean and
N;-diluted near-stoichiometric Hy/air flames using the TRM04 model.

ric ¢ = 0.47 and less diluted (Nj/air = 0.47) flames.
This can be explained by the fact that for the leaner
and more inert-diluted flames, the Hy concentration
is low and the overall reactivity is more diffusion con-
trolled.

The species with the second most important sensi-
tivity to Kext 1s the H radical. For all cases except one,
its sensitivity is negative, and these are the cases in
which the H radical pool is small so that any increase
in its diffusivity leads to a “loss” from the reaction
zone. For the vigorously burning case of ¢ = 0.777
flames with relatively low dilution (Ny/air = 0.47),
the sensitivity of the H diffusion coefficient is posi-
tive given that the radical pool is large, and increasing
H radical diffusivity facilitates the initiation of reac-
tions upstream of the intense burning zone.

The sensitivities of the mass diffusion of O; are
negative for the ultralean flames, whereas they are
positive for the ¢ = 0.777 flame. This can be ex-
plained by the fact that for ultralean flames, O, is
abundant and increasing its diffusion coefficient tends
to transport more O, into the reaction zone, making
it thus fuel-leaner and less reactive. However, for the
more stoichiometric ¢ = 0.777 flame, O3 is no longer
abundant, and increasing its diffusivity augments the
chain branching within the reaction zone.

The extinction process in stagnation-type flows is
expected to be sensitive to molecular transport. On
the other hand, flame propagation is less sensitive to
molecular diffusion. As such, predictions of laminar
flame speeds, Sg, are expected to be less sensitive to
molecular diffusion uncertainties. This thesis was also

assessed and logarithmic sensitivity coefficients were
derived for lean (¢ = 0.4), stoichiometric (¢ = 1.0),
and rich (¢ = 5.0) Hy/air flames. The simulations
were performed using the OPM04 kinetic model and
the logarithmic sensitivity coefficients are shown in
Figs. 11 and 12 for kinetics and diffusivities, respec-
tively. The sensitivity results are in agreement with
previous studies [25,26]. Although the magnitude of
the sensitivities of S with respect to the diffusion co-
efficients of Hy and H is indeed smaller compared
with Kext, they are still of the same order as those
of kinetics. Thus, validating the kinetic mechanism
against SS values without considering uncertainties
related to diffusivities could also result in falsification
of the rate constants.

It is of interest to note that although the sensitivity
coefficient of Kext with respect to Hy was shown to
be positive, it is notably negative on Sl?, especially for
fuel-lean flames, meaning that increasing the diffusiv-
ity of the fuel decreases SS, which appears to be coun-
terintuitive. For one-dimensional, stretchless, freely
propagating flames, it can be theoretically shown that
the thickness of the diffusive layer of any reactant
i, §;, scales with its mass diffusivity to the mixture,
D; m, according to the relation §; ~ D?/nf . (Note that
this is not the case for near-extinction stagnation-type
and Le < 1 flames that are stabilized on the stagnation
plane and its structure is largely affected by stretch.)
Analysis of the computed detailed structures of freely
propagating flames indeed confirmed that scaling. For
example, 20% increase in the diffusivity of H; leads
to an increase of about 30% in the thickness of the
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Fig. 12. Logarithmic sensitivity coefficients of SS with respect to mass diffusion coefficients, computed for ultralean, stoichio-

metric and rich Hy/air flames, using the OPM04 model.

H; diffusive layer, which in turn results in milder Hp
concentration gradients. The flux of H; into the flame
is proportional to the product of the diffusion coeffi-
cient and the concentration gradient. In the absence of
flame stretch, which is present in stagnation flows but

not in freely propagating one-dimensional flames, the
decrease in the concentration gradient overwhelms
the increase in diffusivity. This results in an overall
decrease in the flux of Hy to the flame. Thus, the dif-
fusivities of H, and 58 are inversely related.
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6. Concluding remarks

A detailed experimental and numerical investi-
gation was conducted on the extinction of ultralean
Hj/air mixtures under atmospheric pressure. The
flame kinetics of such mixtures have not been pre-
viously validated as laminar flame speeds under such
conditions cannot be determined, given the presence
of thermodiffusional instabilities. Extinction strain
rates were determined instead in the counterflow
configuration, which were subsequently compared
against predictions based on four kinetic models.
Such comparisons are meaningful, as these low-Le-
number mixtures do not develop instabilities when
subjected to high strain rates. Comparisons between
experimental and predicted extinction strain rates re-
vealed significant discrepancies for well-validated
and widely used models. Under certain conditions,
discrepancies of a factor of 2 were realized.

Through detailed sensitivity analysis, it was also
shown that the extinction states of such mixtures are
sensitive not only to the kinetics but also to the species
diffusivities. Thus, validation of models against flame
data of such highly diffusive mixtures must be done
by considering the uncertainties associated with both
kinetics and molecular diffusion. In view of this con-
sideration, an additional contribution of this study was
the advancement of a somewhat improved treatment
of the mass diffusion coefficients.

Detailed simulations also showed that the pre-
dicted extinction strain rates based on the present for-
mulation of diffusion coefficients were different by
15-35% compared with the Sandia transport coeffi-
cient compilation. Similarly, it was found that using
mixture-averaged versus full multicomponent formu-
lation could affect the predicted extinction strain rates
by 15-50%. From a kinetic point of view, differences
of the order of 15-50% in predicting global flame
properties are rather large and could have a major
impact on the approach traditionally taken in kinetic
model validation.

Additional studies were conducted for N;-diluted
near-stoichiometric Hy/air flames, to obtain results at
flame temperatures similar to those of ultralean mix-
tures but with moderated diffusion effects. However,
it was found that for these less diffusive mixtures,
the predictions of the four kinetic models were very
similar to those for ultralean mixtures, under similar
adiabatic flame temperatures.

Finally, additional computations of laminar flame
speeds of lean, stoichiometric, and rich Hp/air mix-
tures revealed that their sensitivities to kinetics could
be of the same order as those to diffusivities. This
finding suggests that caution is needed when H; ox-
idation Kkinetics are validated through comparisons

with laminar flame speeds without considering uncer-
tainties in molecular diffusion coefficients.
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Ignition studies have been conducted in counterflow configurations
in recent years by using heated air as the ignition source. In the
present investigation, an alternative methodology has being
advanced for studying ignition, by utilizing vitiated air that is pro-
duced from the oxidation of ultra-lean H/air mixtures supplied
from one burner. Non-premixed ignition is achieved by counter-
flowing the hot vitiated air against a fuel-containing jet. The
ultra-lean H,/air mixtures are oxidized on a catalyst positioned at
the burner exit, allowing thus for the effective variation of the
temperature of the hot gases, which are mainly composed by N,
excess O,, small amounts of H,O, and negligible amounts of radical
species. Thus, the heat release of the H, oxidation serves as the
ignition source and eliminates the need of heating the air. This
new methodology was tested for non-premixed ignition of H, and
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H,-enriched CO. H, and CO were studied first, given that the
kinetics of these fuels, constitute the fundamental “building blocks”
of the hydrocarbons oxidation kinetics. For the H, studies, the
ignition temperatures were measured for global strain rates varying
between 100 and 250 s~' and mole fractions of H; in the (H;+ N»)
stream varying between 10—60%. Similar studies were conducted for
non-premixed H,-enriched CO, with H, molar fractions ranging from
0.3-3% in the fuel stream. The fuel stream was not diluted with N, in
these studies, given the relatively low ignition propensity of CO, and
the need to avoid excessively high ignition temperatures as they could
impact the performance of the catalyst and its supporting ceramic
material. The present experimental results compare favorably with
previously reported ones in similar configurations, providing thus
confidence in the proposed ignition methodology. Agreements with
numerical predictions were partially satisfactory.

Keywords: ignition, laminar flames, non-premixed flames

INTRODUCTION

As noted by Kreutz, Nishioka, and Law (1994), until recently, most of our
knowledge of the low-temperature chemistry that governs flame ignition
has come from past studies on the development of chemical mech-
anisms in homogeneous systems. Subsequently, Law and coworkers (e.g.,
Fotache et al., 1995, 2000; Kreutz and Law, 1996, 1998) performed rigo-
rous flame ignition studies in the counterflow configuration. H, and CO
ignition was studied first given the importance of the oxidation chemistry
of these fuels in the hierarchy of hydrocarbon chemistry. These studies
have indicated that H, exhibits a 3-limit dependency on pressure that
is similar to the homogeneous explosive limits, and they have also char-
acterized the effect of H, concentration on CO ignition in a convective-
diffusive system.

The ignition studies of Law and coworkers (1995, 1996, 1998, 2000)
were conducted by counter-flowing fuel/inert jets against a heated air-jet.
The heating of the air was achieved by using electrically heated coils
placed within a quartz tube through which the air was passing. The
design<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>